and for reassimilating the ammonia released by photorespiration (9). In this latter function, GS can be viewed as an ammonia detoxification mechanism (7). It is the loss of this detoxification function of GS in P. syringae pv. tabaci-infected leaves that results in the accumulation of millimolar concentrations ofammonia and the subsequent and characteristic chlorosis (6, 8, 27 We report that plants tolerant to P. syringae pv. tabaci do not utilize any of the first four mechanisms listed above, but rather that they contain leaf glutamine synthetases that are effectively insensitive to T,3L. We also report on the effects ofT,3L on initial ammonia assimilation in both tolerant and sensitive oat plants.
GS2) that were less sensitive to inactivation by TftL in vitro-, these GSs have normal K, values for glutamate and ATP when compared with those of GS in control plants. Root glutamine synthetase of the tolerant plants was inactivated in vivo during infestation by the pathogen or by TOL in vitro. When growing without pv. tabaci, the tolerant plants contained normal levels of glutamine synthetase in their roots and leaves and normal levels of protein, ammonia, glutamate, and glutamine in their leaves. However, when the tolerant plants' rhizosphere was infested with pv. tbaci, the plant leaves contained elevated levels of glutamine synthetase activity, protein, ammonia, glutamate, and glutamine. No changes in glutamate dehydrogenase activity were detected in leaves and roots of pathogen-infested tolerant plants.
lism (19, 29) and for reassimilating the ammonia released by photorespiration (9) . In this latter function, GS can be viewed as an ammonia detoxification mechanism (7) . It is the loss of this detoxification function of GS in P. syringae pv. tabaci-infected leaves that results in the accumulation of millimolar concentrations ofammonia and the subsequent and characteristic chlorosis (6, 8, 27) .
P. syringae pv. tabaci can live in the rhizosphere of oat seedlings but is eventually lethal to normal oat plants (11) . Inhibition of growth and seedling death were the ultimate consequences of the action of the pathogen-produced T,BL taken up by the oat roots. TEL inactivated all ofthe plant's GS, completely disrupting nitrogen metabolism (1 1). However, we recently observed a small population ofoats that were tolerant ofinoculation oftheir root systems with P. syringae pv. tabaci. Tolerance could result from several mechanisms: (a) the pathogen could fail to establish itself in the oat rhizosphere; (b) T,BL synthesis could be inhibited by a plant-mediated mechanism; (c) the plant could detoxify T,3L; (d) T,BL may not have been taken up; (e) alternatively, these tolerant oat plants could contain a GS that is insensitive to the toxin.
We report that plants tolerant to P. syringae pv. tabaci do not utilize any of the first four mechanisms listed above, but rather that they contain leaf glutamine synthetases that are effectively insensitive to T,3L. We also report on the effects ofT,3L on initial ammonia assimilation in both tolerant and sensitive oat plants.
T,3L3 [2-amino-4-(3 hydroxy-2-oxo-azacyclobutan-3-yl) butanoic acid] (25) is a novel amino acid produced by the soilborne tobacco pathogen Pseudomonas syringae pv. tabaci. Infection of tobacco leaves by P. syringae pv. tabaci and the subsequent production of T,BL result in the in vivo inactivation of the physiological target, glutamine synthetase (EC 6.3.2.1) (11, 26) . TflL is not selective, inactivating GS obtained from a number of sources (2, 10, 11, 14, 15, 26) . Inactivation of GS by T,BL is irreversible, requires ATP, and is active site-directed, with one molecule of T,3L being bound per subunit of completely inactivated GS (15) . GS acts in concert with glutamate synthase to catalyze the primary pathway for ammonia assimilation in higher plants (16, 19, 29 These cells (500 mL/flat, or 10 mL/500 g of sand) were applied to the surface of sand in which the plants were growing. Four days after inoculation, tolerant oat seedlings were identified by visual inspection for the absence of chlorosis. These selected (tolerant) seedlings were then subjected to this selection process twice more. Oat plants that survived these three pathogen challenges were allowed to set seed through self-fertilization. These plants were isolated from normal oat plants to prevent any cross-At the end of this time, all of the offspring of the f4 originating from 25 original parents had been tested, as well as seeds from other original parents. Approximately 150 seeds of the first generation of selected (tolerant) plants were germinated, and the seedlings were checked for tolerance; no sensitive plants were found among these seedlings.
Inoculation of Experimental Oat Seedlings. Because the selection procedure produced seedlings with no detectable variability for tolerance of the pathogen, we used plants selected in the first generation for isolation of the GS, measurements of enzyme activities, and analysis of amino acid pools. Oat seedlings were grown as above except that 10 to 14 seedlings were germinated in pots containing 500 g (dry) of autoclaved sand. The seedlings were inoculated 7 d after germination with P. syringae pv. tabaci as described above except 10 mL of cells were applied/500 g of sand. Randomly selected oat seedlings were not inoculated with the pathogen and served as uninoculated control (sensitive) plants; measurements on uninoculated sensitive control plants were done with a sample obtained from at least 15 plants to minimize any possible impact on the data if a tolerant plant had been included in the sample. This procedure for obtaining material from sensitive plants was used because all sensitive plants died when challenged with the pathogen, making it difficult to obtain a sensitive population; the procedure was judged reliable because 174 plants out of 175 were sensitive and because all experiments were done in replicates and all experiments contained internal duplication.
Estimation of Pathogen Population in the Rhizosphere. The population of P. syringae pv. tabaci in the rhizosphere was estimated 3 d after inoculation as described by Knight and coworkers (11) with the following modifications. The bacterial cells were suspended in distilled water. The population was estimated by dilution plate counting on a Pseudomonas selection medium that contained Woolley's medium (31) , agar (15%), novobacin, cycloheximide, and penicillin (23) . Colonies recovered from the last dilution plate were grown in liquid culture in Woolley's medium to midlog phase. These fluorescent bacteria produced T#L as shown by amino acid analysis of the culture filtrate and by the standard biological assay for development of chlorosis in tobacco leaf tissue (26 (24) , which measures the formation of y-glutamyl hydroxamic acid (GHA). One unit of GS activity is defined as 1 ,mol of GHA formed per min. The spectrophotometric coupled assay of Shapiro and Stadtmann (24) was used to measure glutamine synthetase activity for the kinetic investigations. This assay couples the production of ADP to the oxidation of NADH using pyruvate kinase, lactate dehydrogenase, and phosphoenolpyruvate. One unit of enzyme activity is defined as that catalyzing the oxidation of 1 gmol of NADH per min.
Extracts used for measuring GDH activity were prepared by the method of Weissman (30) . GDH was measured by the spectrophotometric assay of Rhodes and coworkers (22) . One unit of enzyme activity is defined as the oxidation of 1 umol of NAD(P)H per min.
Protein concentration was determined by the dye-binding method of Bradford (1) with BSA used as a standard.
Inactivation of GS by T,BL. The inactivation of purified GS by T3L was done using the procedure of Langston-Unkefer et al. (15) in 50 mm imidazole-HCl (pH 7.5), 50mM MgC92, and10 mM ATP. Inactivation was initiated at t = 0 by the addition of T,BL; inactivation was stopped at t = n by dilution of a sample removed at each time point into1 mL of biosynthetic coupled assay mixture (24) , and GS activity was measured spectrophotometrically (24 (Tables I   and II) . However, the pathogen-challenged oat population contained 1 in 175 plants that survived this rhizosphere infestation (Table I) . Tolerant seedlings grew normally even with repeated bacterial inoculations (Table I) . Twelve plants were initially selfed for four generations, and all of the final progeny (132) were tolerant to inoculation with P. syringae pv. tabaci.
We tested the bacterium's capacity to establish itself in the rhizosphere of the tolerant plants using the dilution-plating procedure we described previously (11) . The bacterial population within the rhizosphere of tolerant plants increased significantly within 3 d of inoculation; this population compared favorably with the final bacterial population of sensitive plants (Table I) . Bacteria removed from the roots were plated onto a Pseudomonas selection medium, and surviving colonies were grown in liquid culture and tested for T,BL production, these bacteria produced a normal quantity of T,BL. These fluorescent bacteria were assayed for biological activity by our standard assay (26) ; chlorosis developed within 72 h after injection into tobacco leaves, as expected for viable P. syringae pv. tabaci.
The amount of toxin produced in the rhizosphere cannot, as yet, be measured. However, we concluded that T,3L was being produced in the rhizosphere of the tolerant plants and that this [ T(3L was being taken up by the roots because all of the root GS in these infested, tolerant plants was inactivated (Table I) . Furthermore, the bacteria removed from the roots produced T(#L.
This implies that toxin production by P. syringae pv. tabaci had not been repressed while the pathogen was growing on the tolerant plant roots. Effects of P. syringae pv. tabaci on Oat Glutamine Synthetase Activity. Infestation ofthe root surfaces of control (sensitive) and tolerant oat seedlings with P. syringae pv. tabaci was accompanied by an almost complete inactivation of the GS activity in the roots of these plants after 7 d (Table I ). The infestation of the root surfaces of sensitive plants is also accompanied by an essentially complete inactivation of the leaf GS activity. In contrast, the tolerant plant leaves had not undergone inactivation of their leaf GS activity. Surprisingly, the tolerant plants had a higher specific activity of GS (units/milligram of protein) and greater GS activity per gram freshweight than the controls. To examine this observation in more detail, the two forms of leaf GS (cytosolic and chloroplastic) from control (sensitive) and pathogen-challenged tolerant plants were resolved by ion exchange chromatography. No significant differences were detected in the relative distribution of the two forms of GS obtained from the control and tolerant plants (not shown). Thus, the increased GS activity in the leaves was the result of an increase in both the cytosolic and chloroplastic forms of GS.
Uptake of TEL Applied to Roots and Binding of T,8L to Glutamine Synthetase in Vivo. Sensitive and tolerant seedlings were allowed to take up ['4C]T,BL through their roots (Table II) . A significant and approximately equal amount of ['4C]T,BL was transported to the leaf tissue of sensitive and tolerant plants (Table II) . This T,BL had not been altered structurally, as indicated by its characteristic elution from a C-18 reverse-phase HPLC column by the procedure described by Knight and coworkers (12) ; the procedure was very sensitive to changes in the structure of the toxin. These findings show that active T3L was present in the leaf and root tissues of both sensitive and tolerant plants. (Fig. 1) . The two leaf GS isoforms purified from sensitive oats were also rapidly inactivated by T,3L (Fig. 2) . However, the two isoforms of GS from tolerant leaf tissue were only partially inactivated by TflL (Fig. 3) Purified GS, (-) and GS2 (---) from noninfested sensitive oat seedlings were incubated with T,BL as described in the legend to Figure 1 , using T,BL concentrations of (1) 250 ,uM, (2) 100 ,uM, or (3) 50 ,M.
when the incubation was extended to 12 h (not shown). In contrast, the tolerant-plant leaf GS forms that were partially inactivated by T,BL were completely inactivated by MSX (Fig.  3) . MSX is a structural analog of glutamine and is another active site-directed irreversible inhibitor of GS (18) . An initial examination of the kinetic properties of the insensitive GS revealed no significant differences in Km values for glutamate (5.6 and 5.2 mm for GS1 and GS2) and ATP (0.9 and 0.7 mM) when compared with the sensitive GS, which had Km values of 5.7 and 5.5 mM for glutamate and 1.0 and 0.9 mm for ATP for GS1 and GS2, respectively. Effects of Infestation with P. syringae pv. tabaci on Ammonia, Glutamate, and Glutamine Pools. The pools of ammonia, glutamate, and glutamine were examined in roots (Fig. 4) and leaves ( Fig. 5) because of the influence of GS activity on these metabolites. These pools were constant in control plants but changed significantly within 7 d in pv. tabaci-infested plants. The ammonia levels increased in roots and leaves of sensitive and tolerant plants. The ammonia concentration in the sensitive roots was increased over that of control plants (4.74 gmol/g fwt 18 times the control); the ammonia concentration in tolerant plant roots was also increased (1.4 gmol/g fwt 5.4 times the control), although the increase was less than that observed in the sensitive plant roots (Fig. 4A) . The ammonia concentration in the sensitive leaves was increased dramatically when compared with that of control plant leaves (17.25 umol/g fwt 1 19 times the control). The ammonia pool in tolerant plant leaves was moderately increased (1.25 ,mol/g fwt, 8.6 times the control) (Fig. 5A) , even though these leaves had significantly increased GS activity (221% of control based on g fwt). The glutamine and glutamate pools declined slightly in sensitive roots (Fig. 4 , B and C) and in sensitive leaves (Fig. 5, B and C). However, these pools increased dramatically in the tolerant roots (Fig. 4B, C) and in the tolerant leaves (Fig. 5, B (20) , we measured the NADH-and NADPH-dependent GDH activities in extracts of leaves and roots of pv. tabaci-infested sensitive and tolerant plants. No large differences in GDH activities were detected when the sensitive and tolerant plants were compared with controls (Table III) .
Absence of an Effective T$L Detoxification Activity. The possibility of a T3L detoxification mechanism was ruled out based on several observations. First, no detoxification mechanism was operating effectively in the roots because all of the GS activity was inactivated in the roots, and thus no protection was provided to GS in the roots (Table I) tation. Tolerance to this pathogen was passed on to the progeny of these plants through four generations. Thus, the tolerance is apparently a heritable trait. The pathogen was well established on the roots of these plants; thus, protection was not a consequence of decreased growth of the pathogen. The tolerant plants had no detectable detoxification activity, and the plants did not exclude the toxin, as shown by the uptake of radiolabeled toxin and the subsequent transport of toxin to the leaves.
These tolerant plants contained elevated amounts of GS activity in their leaves but had essentially no GS activity in their roots. The GS in the roots of the tolerant plants was readily inactivated in vivo by Tj3L either provided to the roots as a pure compound or delivered by the pathogen. The cytosolic and chloroplastic GSs (17) in the leaves of these plants were not inactivated in vivo by either of these treatments with toxin. The presence of active TpL and active GS in the leaves of tolerant plants strongly suggests that the leaf GSs are insensitive to T,3L in vivo. In support of this conclusion is the failure of the inactivation of these tolerant plant leaf GSs to proceed to completion in vitro. The incomplete inactivation of the tolerant plants' leaf GSs by TflL differs markedly from the rapid and complete inactivation of other plant GSs by T,BL (2, 14, 15, 26) . The concentrations of T3L used in vitro (50 and 250 AM) were significantly greater than have been reported in leaves infested with pv. tabaci (5), suggesting that these resistant GSs might be helpful in obtaining plants tolerant of pathogen infestation of their leaves. After an initial loss of a portion of the GS activity, no further activation of GS by T3L occurred; multiphasic inactivation was also observed with other GS forms inactivated by T,BL (2, 10, 14, 15) . This is the first report ofany plant GS with a significant degree of insensitivity to Tf3L, either in vivo or in vitro. The origin of these T,3L-insensitive GSs is unknown; it could result from the expression of a novel GS gene(s) encoding T,BL-insensitive GSs, or it could be a post-translational modification of the normal GSs to produce T,3L-insensitive GS. We have reported ( 11) that the adenylylated GS from pv. tabaci is less sensitive to inactivation by T,3L than is the unadenylylated GS from pv. tabaci and that this adenylylation of GS provides part of the self-protection of pv. tabaci from T,3L (11) . The Km values do not differ significantly between the GSs of sensitive and tolerant plants, suggesting that the difference in sensitivity to T,BL is provided by a difference in the GS that does not affect the binding of glutamate yet still affects the binding of T#L. This is similar to the progressive change in binding of TI3L observed with pea seed GS in which the rate of the inactivation slows with time because of a decreased affinity for T3L while the Km for glutamate is unchanged (15) . The increase in total leaf GS activity is quite unexpected. The increased GS activity results from an increase in activity of both the cytosolic and chloroplastic forms of GS; this increase may result from increased gene expression, or from an activation mechanism, or from a change in degradation of GS. Predictably, the pools of the metabolites immediately affected by GS activity were influenced differently in sensitive and tolerant plants. In the sensitive oat roots, the ammonia levels increased dramatically while glutamate and glutamine pools decreased; these are the expected results of inactivation of GS. In contrast, the roots of the tolerant plants did not undergo the expected consequences ofinactivation oftheir GS. In the tolerant roots, the ammonia levels increased but not as dramatically as in the sensitive roots, and, unexpectedly, these roots contained increased amounts of free glutamine and glutamate. Unlike normal young plants, these plants could not have been completely dependent upon the nitrogen assimilated in their roots, because they contained no significant GS or GDH activities. These plants may have survived by exporting unassimilated nitrogen from their roots to the leaves where it could be assimilated by the GS. This is consistent with the elevated pools of glutamate or glutamine in the roots and with the known role of leaves as exporters of glutamate and glutamine (4) . This mechanism of assimilation could be similar to the normal exportation of unassimilated nitrogen by mature roots for assimilation in the leaves. This mechanism is unlike the usual function of young roots in which nitrogen is assimilated for export to the foliar regions of the plant. Thus, these young roots, which are without GS activity in the tolerant plants, have changed from being sources to being sinks for assimilated nitrogen after being challenged with the pathogen.
In the leaves of the sensitive plants, the ammonia concentrations increased to toxic levels after their GS was inactivated. In contrast, in the leaves of tolerant plants, the ammonia concentrations remained below the toxic 2 mm threshold (13, 21) . The increase in the glutamate and glutamine pools in the tolerant leaves suggests that the GS-GOGAT pathway in the leaf was able to assimilate the ammonia generated by normal nitrate reduction and photorespiration, and probably also to assimilate nitrogen that would have been assimilated in the roots of normal plants. This interpretation is consistent with the previous observation of a substantial increase in the glutamine pool accompanied by only a modest increase in the ammonia level in detached wheat leaves provided with excess ammonium chloride (28) . The absence of significant assimilatory activities in the roots, the elevated leaf GS activity, and the glutamate, glutamine, and ammonia pools in the leaves and roots suggest that the leaf GS-GOGAT pathway in pathogen-infested tolerant oat plants met most of the whole plant's need for assimilated nitrogen. The increased protein and GS activity in the challenged tolerant plants (Table I ) accompanied the infestation of P. syringae pv. tabaci (Table I) .
Several possible mechanisms that could provide these plants with tolerance to this pathogen were ruled out; these were failure of the pathogen to grow in a T3L-producing mode in the rhizosphere, failure to take up TEL into the roots, and detoxification of Tf3L by plant tissues. The only protection mechanism we found was a T,BL-insensitive target GS. We concluded that the insensitivity of the leaf GS to inactivation by T,BL was the primary biochemical mechanism that allowed the tolerant plants to survive infestation of their rhizosphere with P. syringae pv. tabaci. Metabolic adaptations that accompanied the survival of the leaf GS resulted in changes in the total protein and in the pools of assimilated nitrogen in leaves and roots. Thus, these T,BL-insensitive plants provide a model system for further study of the role of GS in plant metabolism by examining the effects of changes in GS function in roots and leaves.
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